Hematopoietic stem cell transplantation is commonly used in patients with certain hematological or bone marrow tumors. Total body irradiation combined with chemotherapy is part of the preconditioning protocol that was the most commonly used before hematopoietic stem cell transplantation. However, total body irradiation preconditioning damages other normal cells in bone marrow. Therefore, exploring the mechanism of radiation resistance in bone marrow mesenchymal stem cells is of great significance for recovering the hematopoietic function after cell transplantation. This study aimed to demonstrate the miR-29b adsorption of circRNA_014511 and explore the effect of circRNA_014511 on radiosensitivity of bone marrow mesenchymal stem cells. In this study, circRNA_014511 overexpression vector was constructed and transfected into bone marrow mesenchymal stem cells, miR-29b-2-5p and P53 were found to be decreased, which could be reversed by miR29b-mimics. Dual luciferase reporter assay confirmed the binding of circRNA_014511 and mmu-miR-29b-2-5p. Flow cytometry analysis showed the apoptosis rate of bone marrow mesenchymal stem cells overexpressing circRNA_014511 was significantly decreased. In the circRNA_014511 transfection group, after cells were subjected to 6Gy irradiation, G2 phase arrest appeared, the expression of P21 and GADD45A was significantly decreased, and cyclin B1 was significantly increased. Colony formation assay showed the survival fraction of circRNA_014511 overexpression cells after irradiation was significantly higher than control group, and the radiosensitivity was decreased. In conclusion, our findings demonstrated that circRNA_014511 could inhibit the expression of P53 by binding miR-29b-2-5p, and decrease the radiosensitivity of bone marrow mesenchymal stem cells by affecting cell cycle and cell apoptosis.
INTRODUCTION
Hematopoietic stem cell transplantation (HSCT) is a kind of transplantation of pluripotent hematopoietic stem cells that are usually derived from bone marrow, peripheral blood, or umbilical cord blood [1] . HSCT is commonly used in patients with certain hematological or bone marrow tumors, such as leukemia and multiple myeloma [2, 3] . Total body irradiation (TBI) combined with chemotherapy is part of the preconditioning protocol that was the most commonly used before HSCT [4] . It had been reported that about 10% of autologous transplant patients and 50% of allograft patients received TBI [5] . TBI exerts uniform radiation across the whole body, and it can penetrate the central nervous system (CNS) and testis, where traditional chemotherapy is often ineffective [4, 6] . TBI has three principal goals: first, to eliminate residual cancer cells; second, to provide space for stem cell transplantation through the exhaustion of diseased bone marrow; third, to prevent the rejection of donor stem cells by suppressing immunity [6] . However, in the process of destroying and clearing the diseased hematopoietic tissues, TBI preconditioning damages other normal cells in bone marrow (including bone marrow mesenchymal stem cells (BMMSCs)) to some extent [7, 8] . BMMSCs are non-hematopoietic stem cells in bone marrow capable of self-renewal, pronounced proliferation, and differentiation into multiple types of other cells [9] . Recent studies have found that, in addition to their ability to support in vitro hematopoiesis and promote the restoration of hematopoietic function in vivo, BMMSCs could also reduce immunogenicity and inhibit the proliferation of allogeneic T cells [10] , so reducing transplant rejection and decreasing the severity and incidence of graft versus host disease (GVHD). Maximizing the quantity and quality of BMMSCs in TBI preconditioning before transplantation is of great significance for the recovery of hematopoietic function and the prevention of GVHD after transplantation. Circular RNA (circRNA) is a noncoding RNA present in large quantities in mammalian cells [11] . CircRNA possesses miRNA response elements (MREs), which can instantly bind or release a large quantity of miRNAs, and thus effectively regulate gene expression [12] . In one of our previous studies [13] , a series of differentially expressed circRNAs in BMMSCs of TBItreated mice were screened through circRNA microarrays, in which the expression of circRNA_014511 was significantly up-regulated. CircRNA_014511 is an exon circRNA located at chr4: 132656692-132673032. Bioinformatics analysis showed that circRNA_014511 could bind miR-29b-2-5p by pairing. MiR-29b-2-5p belongs to the miR-29 family, which is composed of miR-29a, miR-29b, and miR-29c, and there are only 2 to 3 differential bases in the sequences of the genes in this family. Park et al. [14] showed that miR-29 family could activate P53 expression and induce the P53-mediated apoptosis in Hela cells. In addition, in a variety of tumors including chronic lymphocytic leukemia, lung cancer, prostate cancer, and breast cancer, the decreased levels of P53 expression induced by the down-regulation of miR-29 were identified [15, 16] . P53 is a powerful transcriptional factor and it is involved in cell cycle arrest, cell apoptosis, and cell senescence through multiple signal pathways [17] . Studies have shown that the status of the p53 gene is closely related to radiosensitivity. The wild type p53 gene is prone to induce apoptosis in response to radiation, while the mutant p53 gene mediates cell resistance to radiation-induced apoptosis. Studies also found that miR-29 family could promote cell senescence and apoptosis in BMMSCs [18] .
This study demonstrated for the first time that circRNA_014511 could affect the expression of P53, regulate cell apoptosis and cell cycle arrest, and influence the radiosensitivity of BMMSCs through the adsorption of miR-29b-2-5p in vitro, establishing a new theoretical basis for the development of radiation damage protective agents.
MATERIALS AND METHODS

Cell culture
Mouse BMMSCs (ScienCell, US) were cultured using the mesenchymal stem cell complete medium (5% FBS + 1% streptomycin + 1% MSCMs growth factor + 93% MSCM) (ScienCell, US) in a 37°C, 5% CO 2 , saturated humidity incubator (Santeng, China). The primary culture was recorded as P0. After 48 h, the medium was refreshed for the first time, and the non-adherent cells were discarded; after that, the medium was refreshed every 3 days. When the adherent cells were fused to 80-90% of the culture plate, cells were digested using trypsin (HyClone, US) and then sub-cultured at 1:2 ratio. These cells were recorded as P1. Cells were returned to the incubator for culture, and the cell growth was observed the next day.
Overexpression vector construction and cell transfection
The construction of circRNA_014511 overexpression vector (p-circRNA_014511) was performed as follows: the GV535 vector (Genechem, China) was digested with AgeI/BamHI (NEB, US) to produce the linearized vector. PCR primers were designed and homologous recombination sequences were added to the 5′-end of the primers. The target gene was amplified using the designed primers, and the 5′ and 3′ terminal sequences of amplified product were identical to the corresponding sequences of the linearized vector. The shuttle vector was constructed by inserting the DNA fragment of circRNA_014511 into the multiple clone site of GV535 vector (Genechem, China). Using the AdMax adenovirus packaging system established by Professor Frank L. Graham [19] , the constructed shuttle vector and the packaging plasmid (Microbix, Canada) were co-transfected into HEK293 cells (ATCC, China), where the recombinant adenovirus was packaged.
MiR29b-mimics and mimics-NC were purchased from RiboBio Co., Ltd, China. Mouse BMMSCs in exponential phase were prepared for transfection. P-circRNA_014511 was transfected using Polybrene transfection reagent (Genechem, China), and miR29b-mimics were transfected using Lipofectamine 2000 (Thermo, US) according to the manufacturer' s instructions. After transfection, the fluorescence of transfected cells was observed, and the transfection efficiency was detected by PCR.
Fluorescence quantitative PCR
Total RNAs were extracted with TRIzol Reagent (Invitrogen, US) in accordance with the manufacturer' s instructions. Here, 2 μg of total RNAs were used to synthesize cDNA by Gene Amp PCR System Hema9600 (Hema, China). Real-time PCR was performed by PIKO REAL 96 Sequence Detection System (Thermo, US) using 2 μl cDNA as templates. The reactions started at 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. All experiments were repeated three times. RNA expression levels were reported relative to Actin or U6. The primers used in the present study were as follows: mmu_circRNA_014511 forward: 5′-GAACCTGTTTT GGCACCAGT T TGTGAAGACCGCAGAGACC-3′ , reverse: 5′-GAACC TGTTTTG GCGGAACCGAAA GGA GGTAGTCCGTAAG-3′; Actin forward: 5′-ACATCCGTAA AGACCTCTATGCC-3′, reverse: 5′-TACTCCTGCTTGCT GATCCAC-3′; mmu-miR-29b-2-5p: 5′-CTGGTTTCACAT GGTGGCTTAGATT-3′; U6 forward: 5′-CTCG CTTCGGCA GCACA-3′, reverse: 5′-AACGCTTCACG AATT TGCGT -3′.
Western blotting
Total proteins were lysed by RIPA buffer (Wellbio, China), containing protease inhibitors cocktail (Merck, Germany). After centrifugation (12,000 g for 15 min), protein concentrations were detected with BCA Protein Assay Kit (Wellbio, China). Protein extractions were separated by 10% SDS-PAGE and transferred onto nitrocellulose membrane (Roche Biosciences, Germany). After blocking with 5% non-fat milk for 1.5 h, the membranes were incubated with primary antibody overnight at 4°C. After that, the membrane was incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (Proteintech, US) for 1.5 h at room temperature. Proteins were detected via chemiluminescence according to the manufacturer' s recommendations (ECL Pierce) (Thermo, US). The intensity of each protein band was quantified by Quantity One 4.6.2 software (Bio-Rad, China). Primary antibodies included those against P53 (dilution 1:1200, 10442-1-AP), P21 (dilution 1:800, 60214-1-Ig), cyclin B1 (dilution 1:500, 55004-1-AP), GADD45A (dilution 1:500, 13747-1-AP), Bcl-2 (dilution 1:1200, 12789-1-AP), Mcl-1 (dilution 1:500, 16225-1-AP), and β-actin (dilution 1:5000, 60008-1-Ig) from Proteintech (Chicago, IL, US).
Colony formation assay
Cells from the p-circRNA_014511 transfection group and the corresponding control group were irradiated with different doses (0 Gy, 2 Gy, 4Gy, 6 Gy, 8 Gy, and 10 Gy) in a linear accelerator (Varian unique, US). Cells from each group were digested with 0.25% trypsin (HyClone, US) and then suspended in complete medium (ScienCell, US). Cell suspensions were serially diluted and inoculated in 6-well plates containing 2 ml pre-warmed medium with 100 cells per well. The cells were cultured in 37°C, 5% CO 2 , saturated humidity incubator (Santeng, China) for 2-3 weeks, with the medium refreshed as needed. The culture was terminated when visible colonies appeared in the wells. Discarding the medium, cells were washed twice using PBS buffer (Thermo, US) and then immobilized with 3 ml of 4% paraformaldehyde (Wellbio, China) for 15 min. The fixative solution was discarded, and cells were stained with the appropriate amount of 0.5% crystal violet staining solution (Wellbio, China) at room temperature for 5 min, washed gently with running water, air-dried, and then photographed. The 6-well plate was inverted on blank white paper, and colonies with more than ten cells were counted with the naked eye. The colony formation rate was calculated as (number of clones/number of inoculated cells) × 100%.
Cell cycle assessment
When the cultured cell density of each group reached 90%, the cells were digested with 0.25% trypsin (HyClone, US), washed 2-3 times in PBS buffer (Thermo, US), and made into single cell suspension with cell number adjusted to 1×10 6 cells/ml. Discarding the supernatant, cells were added with pre-cooled 75% ethanol and fixed overnight at 4°C. The cells were collected by centrifugation, washed twice by PBS buffer to remove ethanol, and stained with 150 μL of propidium iodide (PI) working solution (Sigma, US) at 4°C for 30 min in darkness. The cell cycle was then detected using flow cytometry (BD, US).
Cell apoptosis assessment
Cells in each group were inoculated into 6-well plates, and then digested with 0.25% trypsin (HyClone, US) without EDTA when cell density reached 90%. 5×10 5 cells were counted and collected into an EP tube, then washed twice with PBS buffer (Thermo, US). After centrifugation, the cells were stained with Annexin V-APC/PI double stained cell apoptosis detection kit (KeyGEN BioTECH, China) for 15 min in darkness, then cell apoptosis was detected by flow cytometry (BD, US).
Dual luciferase reporter assay
Briefly, BMMSCs were co-transfected with psiCHECK-2-circRNA_014511-WT or psiCHECK-2-circRNA_014511-Mut and miR29b-mimics or miR-NC using Lipofectamine2000 (Thermo, US). Luciferase activity was measured at 48 h after transfection by a Dual Luciferase Reporter Assay System (Promega, Madison, WI, USA) according to the manufacturer' s instructions.
Statistical analysis
All results are presented as mean ± SEM of at least three independent experiments except where otherwise indicated. Student' s t-test was used to assess differences between two groups. P < 0.05 was considered statistically significant.
RESULTS
CircRNA_014511 could regulate P53 expression through mmu-miR-29b-2-5p in BMMSCs
To preliminary prove that circRNA_014511 could adsorb mmu-miR-29b-2-5p in BMMSCs, BMMSCs were transfected with p-circRNA_014511, miR29b-mimics, or both, and blank control and empty vector control were set simultaneously. The expression of circRNA_014511 in p-circRNA_014511 transfection group and miR29b-mimics + p-circRNA_014511 co-transfection group was significantly higher than in other groups ( Figure 1A) , which proved the transfection efficiency of p-circRNA_014511. After transfection with p-circRNA_014511, the mmu-miR-29b-2-5p levels in BMMSCs and BMMSCs transfected with miR29b-mimics decreased significantly, suggesting that in BMMSCs, circRNA_014511 overexpression could down-regulate the expression of mmumiR-29b-2-5p ( Figure 1B) .
In addition, the results of dual luciferase reporter assay showed that, when transfected with wild-type recombinant luciferase reporter plasmid, the luciferase activity of the mmumiR-29b-2-5p group was significantly lower than in the NC group; however, when transfected with mutant recombinant luciferase reporter plasmid, the luciferase activity was not affected ( Figure 1C, 1D) . These results suggested that circRNA_014511 could bind mmu-miR-29b-2-5p.
Because the down-regulation of miR-29 family could lead to the decrease of P53 expression, the expression of P53 in each group was assessed using Western blot analysis. The results showed that P53 level in BMMSCs overexpressing p-circRNA_014511 was significantly lower, which could be complemented slightly by the co-transfection of miR29b-mimics. The P53 expression was significantly up-regulated in BMMSCs only transfected with miR29b-mimics ( Figure 1E, 1F) . These results suggested that circRNA_014511 could regulate P53 expression through binding mmu-miR-29b-2-5p.
Overexpression of circRNA_014511 could reduce the apoptotic rate of BMMSCs
To study the effect of circRNA_014511 on the apoptosis of BMMSCs, the expression levels of various apoptosis-related proteins in p-circRNA_014511-transfected cells, normal BMMSCs, and cells of each group receiving a moderate dose (6Gy) of irradiation were compared using Western blot analysis. The results showed that in p-circRNA_014511 transfection group, the expression level of P53 was decreased and the expressions of Bcl-2 and Mcl-1 were up-regulated. After irradiation, the P53 level of BMMSCs higher than in normal control cells, while the P53 level in p-circRNA_014511 transfected cells was significantly lower. The expression levels of Bcl-2 and Mcl-1 were significantly after irradiation than in un-irradiated cells, and the p-circRNA_014511 transfected cells had the highest expression levels (Figure 2A) .
Cell apoptosis of each group was detected using flow cytometry. The results showed the rate of apoptosis rate of BMMSCs to be significantly higher after irradiation and the rate of apoptosis rate of p-circRNA_014511-transfected BMMSCs to be significantly lower thanthat that of blank control and empty vector control. The rate of apoptosis of p-circRNA_014511-transfected BMMSCs increased after irradiation, but it was significantly lower than that of the irradiated control cells ( Figure 2B ). These results suggested that overexpression of circRNA_014511 could reduce the rate of apoptosis of BMMSCs.
Regulation of the cell cycle by circRNA_014511 overexpression
The cell cycle was assessed using flow cytometry. After receiving 6Gy irradiation, the control cells showed more G1 phase cells and fewer S phase cells, indicating that G1 phase arrest had taken place. However, in circRNA_014511 overexpressed BMMSCs, the number of G1 phase cells showed little change, while the G2 phase cells increased and the S phase cells decreased, indicating that G2 phase arrest occurred ( Figure 3A) . Compared with the control group, the expression levels of P21 and GADD45A in circRNA_014511 overexpressed cells decreased significantly, and the expression of Cyclin B1 increased significantly. The expression levels of P21, 
Overexpression of circRNA_014511 could reduce radiosensitivity of BMMSCs
The effect of circRNA_014511 on radiosensitivity of BMMSCs was studied using colony formation assay. The results showed that the survival fraction of BMMSCs decreased as the radiation dose increased, but for a given dose of irradiation, the survival fraction of cells overexpressing circRNA_014511 was higher than that of blank control and empty vector control, suggesting that overexpression of circRNA_014511 could effectively reduce the radiosensitivity of BMMSCs in vitro (Figure 4) .
DISCUSSION
TBI is an important step in the preconditioning of bone marrow transplantation [20] . However, many patients sustain long-term impairment of the hematopoietic function of BM after receiving moderate or high doses of TBI, and may even suffer a failure of hematopoietic function, which threatens life [21, 22] . The main causes of this fatal pathological damage are radiation-induced damage to two types of stem cells in bone marrow, namely hematopoietic stem cells (HSCs) and BMMSCs. The radiosensitivity of HSCs is very strong, so almost all HSCs are killed by radiation; while BMMSCs have stronger radiation resistance [23, 24] . Dickhut et al. [25] confirmed that all the long-term effective BMMSCs after allogeneic stem cell transplantation came from the recipient, which indicates that protecting and restoring the function of endogenous BMMSCs is very important to resistance to radiation damage. Further studies on the mechanism underlying resistance to radiation damage in BMMSCs could provide new ideas for the restoration of hematopoietic function, healing of injuries, and the prevention and treatment of side effects of radiotherapy after radiation damage to bone marrow.
Current studies have shown circRNAs to be involved in the occurrence and development of multiple diseases (such as atherosclerosis, myotonic dystrophy, and prion disease) as miRNA sponges, and were closely related to nervous system diseases (such as Alzheimer' s disease and Parkinson' s disease) [26, 27] . CircRNAs play important roles in tumor development and drug resistance, and they are expected to be suitable molecular markers for tumor diagnosis and therapeutic targets [28] . However, little is known about the effects of circRNA on radiation tolerance. In our previous study [13] , a mouse model of TBI-induced bone marrow damage was successfully established. The BMMSCs of the model were analyzed by circRNA microarray, and a series of differentially expressed circRNAs were screened by comparison with BMMSCs from normal mice. These included of up-regulated expression of circRNA_014511. Bioinformatics analysis showed that circRNA_014511 had mmu-miR-29b-2-5p response element. In this study, the changes of mmu-miR-29b-2-5p after circRNA_014511 transfection into BMMSCs and the dual luciferase reporter assay confirmed that circRNA_014511 could adsorb mmu-miR-29b-2-5p in BMMSCs. This study further confirmed that the up-regulation of mmu-miR-29b-2-5p could promote the expression of P53 in BMMSCs, but the co-transfection of circRNA_014511 could reverse the increased expression of P53, which resulted in down-regulation of P53. These results indicated that circRNA_014511 could affect the expression of P53 by absorbing mmu-miR-29b-2-5p.
The present work showed that overexpression of circRNA_014511 in both normal and irradiated BMMSCs could decrease the rate of apoptosis in BMMSCs. In circRNA_014511 overexpression cells, the expression of P53 was decreased, while the expressions of Bcl-2 and Mcl-1 were increased. P53 can induce apoptosis, while Bcl-2 and Mcl-1 are the main members of Bcl-2 protein family, which block the changes of mitochondrial permeability and the release of apoptosis-inducing factors in mitochondria by binding the pro-apoptotic members of Bcl-2 protein family, and thus play the role of anti-apoptosis [29, 30] . P53 could inhibit the transcription of Bcl-2 gene. Studies found that [31] overexpression of P53 in M1 mouse myeloid leukemia cells could down-regulate the Bcl-2 expression in mRNA and protein levels. Increased expression of Bcl-2 protein was detected in the tissues of p53 knockout mice. This study demonstrated for the first time that circRNA_014511 inhibited P53 by adsorbing miR-29b in BMMSCs, and up-regulated the expression of Bcl-2 and Mcl-1, which could inhibit cell apoptosis.
The cell cycle is an important factor in determining the radiation resistance of cells. In this study, G1 phase arrest occurred in normal BMMSCs after irradiation, while G2 phase arrest occurred in BMMSCs overexpressing circRNA_014511 after irradiation due to the significant down-regulation of P53. P53 could keep the cells in G1/S checkpoint by activating the DNA repair protein and inhibiting cell growth [32] . Some studies had shown that [33] when exposed to irradiation, G1 phase arrest always occurred in P53 wild-type cells, while G2 phase arrest was mainly found in p53 knockout cells. Except for down-regulation of P53, the overexpression of circRNA_014511 also lead to the decreased expressions of cell cycle-related proteins P21 and GADD45A, and the increased expression of Cyclin B1. The inhibition of apoptosis and the changes in cell cycle after overexpression of circRNA_014511 led to radiation resistance in BMMSCs. In a colony formation assay, the survival fraction of cells overexpressing circRNA_014511 after irradiation was significantly higher than in the control group, indicating that circRNA_014511 could reduce the radiosensitivity of BMMSCs in vitro, suggesting that circRNA_014511 might be a new target for the protection and repair of radiation damage in patients.
To sum up, through in vitro experiments in mouse BMMSCs, this study demonstrated that circRNA_014511 could inhibit the expression of P53 through the endogenous competitive combination of mmu-miR-29b-2-5p, and induced the changes in multiple apoptosis-related proteins and cell-cycle-related proteins, which decreased the radiosensitivity of the cells. This might help to reduce the BMMSCs loss in bone marrow of HSCT patients receiving TBI, and it might play a positive role in hematopoietic reconstitution and reducing the GVHD occurrence after transplantation. However, this effect needed to be further demonstrated by in vivo experiments. In this study, the effects of circRNA_014511 on radiosensitivity of BMMSCs and its possible mechanisms were established.
